Background Adenosine, a physiological coronary vasodilator, has been proposed to regulate coronary circulation according to myocardial oxygen demand. In the present study, we investigated the mechanisms of adenosine formation and utilization in isolated rabbit cardiomyocytes and, in particular, the existence and the role of substrate cycling between AMP and adenosine in the regulation of its concentration.
, an inhibitor of adenosine kinase, proves that adenosine is normally recycled into AMP. This recycling involves 95% of the adenosine formed. In ATP depletion, adenosine accumulated at the rate of 335 pmol* minm . 106 cells and was no longer rephosphorylated after 20 minutes, as shown by the absence of effect of ITu after this time interval. Moreover, adenosine was deaminated, as indicated by the twofold increase of its accumulation induced by deoxycoformycin (dCF), an inhibitor of adenosine deaminase. Both in control conditions and in ATP depletion, adenosine-dialdehyde, an inhibitor of S-adenosylhomocysteine (SAH) hydrolase, had no significant effect on adenosine formation, indicating that the transmethylation pathway is not an important source of adenosine in rabbit cardiomyocytes.
Conclusions The results indicate that recycling of adenosine into AMP is essential for the maintenance of low, nonvasodilatory concentrations of the nucleoside under control conditions and that interruption of recycling plays an important role in elevating adenosine during ATP depletion. (Circulation. 1994; 90:1343 -1349 Key Words * adenosine * myocardium
In the heart, as well as in several other organs, elevation of extracellular adenosine provoked by hypoxia has been proposed to induce vasodilation, aimed at restoration of the oxygen supply.' The physiological role of adenosine and its properties as a cardiovascular agent have been characterized in great detail over the past decade.2 However, the exact mechanisms of adenosine formation and utilization in cardiac myocytes are still poorly understood.
Adenosine can be formed by dephosphorylation of AMP and by hydrolysis of S-adenosylhomocysteine (SAH). Dephosphorylation of AMP (Fig 1) , either intracellularly by cytosolic 5'-nucleotidase(s) or extracellularly by ecto-5'-nucleotidase, is a major source of adenosine under conditions that provoke an increase in AMP, such as ischemia and hypoxia, although the participation of the various 5'-nucleotidases remains unclear.3-5 Besides dephosphorylation, catabolism of AMP can also proceed by deamination into IMP by AMP deaminase, followed by dephosphorylation of IMP into inosine by 5'-nucleotidase. In the guinea pig heart, hydrolysis of SAH, a product of the transmethylation pathway, has been reported to contribute to the production of adenosine in control conditions but not to the hypoxia-induced elevation of adenosine. 6 The concentration of adenosine is determined not only by the rate of its formation but also by the rate of its utilization. Two enzymes can utilize adenosine: adenosine deaminase, which produces inosine, and adenosine kinase, which rephosphorylates adenosine into AMP, using ATP as the phosphate donor (Fig 1) . The latter process results in recycling of adenosine in a so-called "substrate cycle." We have reported previously that recycling of adenosine to AMP proceeds at a high rate in normoxic isolated rat hepatocytes.7 Recently, interruption of this recycling has been shown to play a major role in the elevation of adenosine induced by anoxia in these cells.8
In the present study, we investigated the existence of a substrate cycle between AMP and adenosine in isolated rabbit cardiomyocytes and its role in regulating adenosine concentration in control conditions and in ATP depletion induced by inhibition of glycolysis. The contribution of the hydrolysis of SAH to adenosine formation was also evaluated.
Methods

Isolation of Cardiomyocytes
Cardiac ventricular myocytes were isolated from male New Zealand White rabbits weighing 1 (Fig 2A) . A rapid, -15% initial diminution was followed by a 10-minute plateau, which was succeeded by a linear decline, up to complete depletion after 60 minutes. The ADP content increased slightly during 40 minutes and decreased progressively thereafter ( Fig  2B) . The AMP content increased nearly 10-fold within 5 minutes of the addition of iodoacetate (Fig 2C) and remained at that level over the whole duration of the experiment. IMP accumulated to 7 nmol/mg Lowry protein within 5 minutes and to 10 nmol/mg Lowry protein after 60 minutes of incubation (Fig 2D) . These results accord with published studies.9"18 Inhibition of adenosine deaminase by dCF and of adenosine kinase by ITu, as well as addition of both inhibitors, had no significant effect on the degradation of ATP (Fig 2A) . The inhibitors also did not influence ADP (Fig 2B) and IMP (Fig 2D) content. Addition of ITu or dCF alone had no effect on AMP content (Fig  2C) , but the combination of both inhibitors decreased 
Accumulation of Adenosine and Inosine in Control Conditions
Under control conditions, adenosine accumulated slowly and linearly in the cardiomyocyte suspensions ( Fig  3A) , at a rate (Table) (n=6). This indicates that the production of adenosine by these cells slightly surpasses its utilization. Inosine is the terminal adenine nucleotide catabolite in cardiomyocytes, owing to the absence or very low activity of purine nucleoside phosphorylase in these cells.'0,19 20 Inosine production in normoxic myocytes (Fig 3B) occurred at the rate of 6±4 pmol/min per 106 cells (n=6). The addition of dCF completely suppressed the production of inosine. This indicates that under normoxic conditions, the very slow production of inosine proceeds exclusively by dephosphorylation of AMP into adenosine, followed by deamination of adenosine into inosine. Indeed, if catabolism of AMP had occurred in part via the alternative pathway, deamination into IMP by AMP deaminase followed by dephosphorylation of IMP into inosine (Fig 1) , a residual production of inosine would have been observed in the presence of an inhibitor of adenosine deaminase.
The rate of accumulation of adenosine was not significantly increased by the addition of dCF. However, the addition of ITu increased the rate of accumulation of adenosine more than 10 -fold, to 53 18 pmol/min per 106 cells (n=6) (P<.05). This observation demonstrates that adenosine is rephosphorylated into AMP by adenosine kinase in the absence of ITu. The preferential utilization of adenosine by adenosine kinase can be explained by its higher affinity for this enzyme compared with adenosine deaminase.21 In the presence of ITu, the rate of production of inosine increased more than 20-fold, to 138±7 pmol/min per 106 cells (n=6) (P<.005). This is explained by the fact that under this condition, adenosine can no longer be rephosphorylated into AMP and is consequently further converted into inosine by adenosine deaminase.
In the presence of both inhibitors, the rate of accumulation of adenosine increased more than 50-fold, to 210±32 pmol/min per 106 cells (n=6) (P<.005). This high rate reflects the total rate of formation of adenosine by the cells. That this rate was severalfold higher . This is a nearly fourfold increase compared with the total rate of production of adenosine in the presence of both inhibitors in control conditions. In the absence of inhibitors, iodoacetate induced a biphasic accumulation of inosine, resembling that of adenosine (Fig 4B) . Over the 20-to 60-minute time interval, the rate of production of inosine reached 1484 pmol/min per 106 cells (n=3). As in control cardiomyocytes, addition of dCF decreased the rate of accumulation of inosine, but only during the first 20 minutes. The only marginal inhibition of accumulation of inosine by dCF thereafter indicates that the accumulation of AMP induced by iodoacetate provokes catabolism of this nucleotide not only by way of dephosphorylation but also, and to an important extent, by way of AMP deaminase. This is in accordance with the elevation of IMP under this condition (Fig 2D) . There was little or no effect of ITu, alone or in combination with dCF, on the rate of accumulation of inosine, also in accordance with the role of IMP as a source of inosine.
Role of SAH as a Source of Adenosine In control conditions, the total rate of adenosine formation, as assessed by addition of dCF and ITu, was not significantly decreased by the supplemental addition of adenosine-dialdehyde, an inhibitor of SAH hydrolase (Fig SA) . This indicates that under control conditions, adenosine is nearly exclusively derived from AMP dephosphorylation without significant participation of SAH hydrolysis. After inhibition of glycolysis with iodoacetate, total adenosine production, as assessed with dCF and ITu, was also not decreased by addition of adenosine-dialdehyde, indicating that adenosine was formed exclusively from AMP (Fig 5B) . Discussion In accordance with experiments by others using isolated rat cardiomyocytes,918 we found that isolated rabbit cardiomyocytes can degrade AMP both by dephosphorylation into adenosine followed by deamination into inosine and by deamination into IMP followed by dephosphorylation into inosine (Fig 1) . Also in accordance with others, inosine was the terminal purine catabolite in the cells under investigation, a finding explained by their absent or very low purine nucleoside phosphorylase activity.10"9'20 In addition, our results demonstrate that in isolated rabbit cardiomyocytes, as in isolated rat hepatocytes,7,8 a substrate cycle operates between AMP and adenosine under control conditions and is impaired on depletion of ATP. These two conditions will be discussed separately.
Recycling of Adenosine in Control Conditions
Under control conditions, the catabolism of the adenine nucleotide pool of the isolated myocytes was very slow, as evidenced by the minimal rate of accumulation of adenosine and inosine in the cell suspension (Fig 3  and Table) . The complete suppression of the accumulation of inosine by the adenosine deaminase inhibitor dCF indicates, as already concluded,9"18 that this catabolism proceeds only by dephosphorylation of AMP followed by deamination of adenosine.
Substrate cycling between AMP and adenosine, involving reutilization by adenosine kinase of adenosine formed by 5'-nucleotidase(s), was postulated by Arch and Newsholme22 as a mechanism that would permit a rapid regulation of the concentration of adenosine. The first demonstration of an active AMP/adenosine cycle, achieved in normoxic isolated rat hepatocytes, was based primarily on the effect of the adenosine kinase inhibitor ITu to progressively decrease the concentration of ATP, to elevate the concentration of adenosine, and to increase the rate of production of allantoin, the terminal purine catabolite in rat liver.7 The marked, approximately 10-fold increase of the rate of accumulation of adenosine ( Fig 3A) and inosine (Fig 3B) induced by ITu in control cardiomyocytes shows that in these cells also, AMP is continuously dephosphorylated and that the resulting adenosine normally is nearly not deaminated but rather rephosphorylated into AMP. Measurement of the absolute rate of adenosine production, achieved by addition of both ITu and dCF, revealed that it reaches 210 pmol/min per 106 cells (Table) , which is more than 20-fold the rate of accumulation of adenosine and inosine together recorded in the absence of inhibitors (10 pmol/min per 106 cells). This shows that 95% of adenosine produced is recycled into AMP under control conditions. The absence of a decrease of ATP on inhibition of adenosine kinase can be explained by the fact that adenosine accumulation after 60 minutes in the presence of ITu and dCF accounted for <10% of the initial adenine nucleotide pool in the cardiomyocytes, compared with 40% in hepatocytes. 7, 8 Studies in isolated rat hearts have either concluded against the existence of an AMP/adenosine cycle23 or claimed that recycling of adenosine occurs only at a very low rate.24 The latter conclusion was based on a less than twofold increase of total purine nucleoside release on addition of ITu in normoxic hearts. Whether the marked effect of ITu we observed is due to species differences, to the use of isolated cells, or to the great care taken to ensure that the concentration of ITu used was nearly totally inhibitory of adenosine kinase remains to be determined. After submission of this article, rapid recycling of adenosine has, nevertheless, been reported in well-oxygenated isolated guinea pig heart.25
Our observation that the production of adenosine in control conditions was only minimally decreased by adenosine-dialdehyde, an inhibitor of SAH hydrolase, indicates that adenosine was derived nearly exclusively from AMP, with almost no participation of the trans-methylation pathway. This is in accordance with the latest studies in normoxic perfused guinea pig heart.25 Impairment of Adenosine Recycling on ATP Depletion
When ATP depletion was induced by iodoacetate, degradation of the adenine nucleotides proceeded at high rates by both pathways, as evidenced by the accumulation of IMP (Fig 2D) and by the low inhibitory effect of dCF on the huge accumulation of inosine, particularly during the second half of the experiment (Fig 4B and Table) . In the absence of inhibitors of adenosine metabolism, addition of iodoacetate increased the rate of accumulation of adenosine to 335 pmol/min per 106 cells (Fig 4A) , compared with 4 pmol/min per 106 cells in control conditions (Fig 3A) . In theory, this 85-fold increase could result from the increase of AMP (Fig 2C) , from a decreased recycling into AMP, or from both. During the first 10 Newby et a123 concluded that adenosine kinase is far from saturated in neonatal rat heart cells, because the basal rate of adenosine formation was only 9% of the maximal activity of adenosine kinase measured in these cells. In our studies, the activity of adenosine kinase in control conditions, calculated from the rate of accumulation of adenosine and inosine on inhibition with ITu, reached 181 pmol/min per 106 cells. It was increased threefold, to 598 pmol/min per 106 cells, during the first 10 minutes of ATP depletion. This indicates that the enzyme was not maximally active under basal conditions. After 10 minutes, however, the activity of adenosine kinase rapidly declined, probably because of substrate inhibition, provoking a large accumulation of adenosine. Flux toward inosine then became possible owing to the 50-fold higher Km of adenosine for adenosine deaminase. 21 Physiological Significance of the AMP/Adenosine Cycle
The magnitude of the rate of accumulation of adenosine measured in isolated cardiomyocytes under control conditions in the presence of dCF and ITu (Table) demonstrates that the dephosphorylation of AMP proceeds at a substantial rate. This indicates that the enzymes responsible for this process, the cardiac cytosolic IMP-GMP 5'-nucleotidase29 and/or the cytosolic AMPase,30 display appreciable activity under physiological conditions. This finding is somewhat surprising in view of the low affinity for AMP, with Km in the millimolar range, that has been reported for both enzymes. In addition, the IMP-GMP 5'-nucleotidase is subjected to inhibition by the concentration of inorganic phosphate prevailing intracellularly. Because of this substantial rate of adenosine formation, utilization of adenosine becomes mandatory to avoid its accumulation to vasodilatory concentrations. For maintenance of low concentrations of adenosine, utilization by adenosine kinase will be much more efficient than by adenosine deaminase owing to the severalfold lower Km for adenosine of adenosine kinase. In addition, the marked dependence of the activity of this enzyme on a narrow range of ATP, AMP, and adenosine concentrations evidenced in our work results in rapid saturation of the cycle with adenosine. This provides a sensitive and rapid mechanism for the elevation of the concentration of adenosine under conditions of ATP depletion such as hypoxia.
